The implementation of water demand management strategies, particularly in urban environments, can contribute towards improved sustainability (or at least reduce unsustainability) in the water sector. Greywater treatment, and its subsequent use for toilet flushing, is one of the demand management options offering considerable water-saving potential. The uptake of greywater recycling systems (GRSs), particularly in the UK, is low. One of the reasons for such a low uptake is the perception that GRSs have a high (unsustainable) cost/benefit ratio. This paper presents progress on the development of a whole-life cost (WLC) model, aimed at facilitating decision making for the implementation of GRSs in relation to their economic viability.
INTRODUCTION
Owing to the economic drivers, urbanisation is taking place at a rapid pace. For example, it is envisaged that about 4 million new homes will be constructed alone in the UK to meet the housing needs of the expanding urban environment. This new housing stock will inevitably place demand for additional water; the water-stressed regions such as the south-east would need to investigate and implement the water demand management options in the new developments and address water-related issues within the sustainability framework. Water cycle management for new developments (WaND) is a UK-based research project aimed at providing decision-support tools and design guidelines for the engineering solutions that would minimise health risk, improve environmental sustainability and be economically viable and socially acceptable in the new developments. One of the sub-projects in WaND is explicitly looking at the viability and robustness of the greywater recycling technologies as one of the demand management options.
Greywater is a loosely defined term referring to the wastewater collected from baths, showers and hand washbasins. This water is relatively less polluted than the domestic sewage and could be treated and utilised locally for the non-potable water needs such as toilet flushing, which accounts for about one-third of water consumption within a household (Fig. 1) . The existing practice of using rigorously treated high-quality drinking water for toilet flushing is certainly environmentally unsustainable. Although the use of treated greywater can reduce the pressure from the main's supply and offer considerable environmental benefits, the economic viability of greywater recycling systems (GRSs) still remains the subject of discussion and a barrier to their large-scale implementation.
Among the various financial appraisal techniques, the whole-life cost (WLC) approach is probably the most representative technique, taking into account all costs (and most savings) right from the project conception stage to its design, construction, operation and eventual decommissioning phase. In this paper, the WLC methodology has been applied to assess long-term costs and benefits of the GRSs. To do this, a WLC model for the GRSs has been developed. The paper describes the model development and demonstrates its application using the data collected from two case studies.
MODEL STRUCTURE
The WLC model consists of four modules: input, water flows, cost quantification and WLC assessment.
Input module
The input module provides a mechanism to select parameter values necessary for defining the scale of greywater recycling system (i.e. single household, medium or large scale) and efficiency of the system. The scale of system is assumed to be dependent on the average number of residents and days when greywater is produced and recycled.
Water flow module
The simulation results from this module provide input for cost calculations and quantify water-saving potential. The module has two components: greywater generation and consumption.
The greywater generation component is made of three sub-components: bathing, showering and hand washing. Heavily polluted effluents from washing machines, dishwashers and kitchen taps are excluded from the greywater generation module. The module structure is, however, flexible and additional sources of greywater can be included. The flow contributed by bathing, showering and hand washing is expressed in terms of the frequency of each appliance use (or activity) and volume of water consumed in each use/activity. The implementation of appliance use frequency and volume per use as the variables in the flow estimation calculations allows the model user to investigate the influence of water-efficient fixtures and cultural, social and climatic change. Equations (1) -(4) have been formulated to estimate greywater generation.
where T bv is the total bath volume (l/day), T sv is the total shower volume (l/day), T hv is the total hand washbasin volume (l/day), b v is the bath volume (l/use), S v is the shower volume (l/use), h v is the hand basin volume (l/use), F b is the frequency of baths (uses/person/day), F s is the frequency of showers (uses/person/ day), F h is the frequency of hand washbasin uses (uses/ person/day), N r is the number of residents, and D is the average number of days per year when greywater is produced.
The total volume of greywater (TGW V ) generated (in m 3 ) is calculated using equation (4) .
The second component of the water flow module is for greywater consumption. It is assumed that greywater is only used for toilet flushing. The total greywater quantity (TWC V ) required for toilet flushing is calculated using flush volume (WC v ) and frequency of toilet (WC) use (F WC ) as shown in equation (5) .
The net volume of water saved (W S ) is then calculated using equation (6) .
where E f is the coefficient indicating the effectiveness of a greywater recycling system. It has a value of 1 when the system is performing perfectly (i.e. all toilet flushing requirements are met by the systems) and 0 when the system is not working at all. The model user can define this value for intermediate situations.
E f can also be linked with the maintenance regime (i.e. for frequent maintenance sessions, an E f value close to 1 can be assigned and vice versa).
Cost quantification module
This module calculates the net cost of a greywater recycling system by taking into account the capital cost, regular and unplanned maintenance and operation costs and savings resulting from greywater reuse.
The total costs are expressed as a function of capital cost, annual operation and maintenance cost and cost of unplanned maintenance (i.e. pump replacement, etc. occurring at irregular time intervals (defined by the model user) throughout the design life of the system). The total maintenance cost is given by equation (7). Depending on the level of details available on the maintenance cost, the model user can add other additional cost elements to equation (7).
where C cons is the total consumables (e.g. disinfectants, filters) cost (£/year), C energy is the total energy cost (£/year), C aim is the total cost of inspection and maintenance sessions (£), C ch is the initial consumables cost at t ¼ 0, C en is the initial energy cost at t ¼ 0, i ch is the percentage increase in consumables cost per year (%), i e is the percentage increase in energy cost per year (%), b is the inspection/maintenance personnel charges (£/h), n is the number of maintenance sessions per year, and t aim is the duration of each maintenance session (h).
Equations (8) and (9) allow the flexibility either to calculate costs of consumables and energy as fixed costs or take into account an incremental change for each year under consideration. This incremental change has been calculated by introducing factors i ch and i e in equations (8) and (9), respectively. If only fixed annual costs are to be considered, a zero value should be assigned to these factors.
The value of water saved (S) is calculated as a function of water price (w p ) of the mains water saved that would have been used for toilet flushing (W S ) and consequent reduction in the wastewater disposal cost (s wp ) resulting as a consequence of reduced volume of wastewater. The total savings can be calculated using equation (11).
WLC assessment module
This module computes the WLC of a greywater recycling system as a function of total capital cost and the net present value (NPV) of running operation and maintenance (O&M) cost and decommissioning cost incurred at the end of the design life of the recycling system. The WLC function is given in equation (12).
where C capital is the capital cost, C decom is the decommissioning cost, t is the design life (years), r is the annual discount rate (%), C t is the O&M cost in year t and S t is the savings in year t.
MODEL APPLICATION SITES
Data from one small-and one large-scale GRS have been used to demonstrate the application of the developed model. A brief description of the GRSs considered is given below.
Small-scale GRS
The system is installed in a new-build five-bedroom house near Maidenhead. 2 The house is occupied by three adults, three children under 15 years of age and three dogs. The GRS consists of a collection tank and a cistern. Greywater from two baths, two showers and three hand basins is collected in an underground collection tank. Greywater flows to this tank under gravity and is filtered through a fine mesh screen of 26 mm aperture, before being pumped to the cistern in the loft. Jets of filtered greywater clean the filter whenever the pump is activated to send the water to the cistern. A bromine tablet dosing system is employed to disinfect the stored greywater, which feeds five WCs and is automatically topped up with mains water if necessary. Meters were installed to record consumption of treated greywater and mains water and electricity by the recycling system. Anticipated operational maintenance includes the annual addition of disinfectant to the dosing system in the roof surface. The self-cleaning filter also requires an annual check to remove any debris (hair, etc.) accumulated on its surface. The system was monitored between February 1999 and March 2000.
Large-scale GRS
The second system considered is a demonstration full-scale plant installed in one of the halls of residence at the University of Loughborough. 3 The system serves 40 residents. The plant had a raw greywater-buffering tank with a capacity of 1400 litres. There were also two treated-water storage tanks: a low-level tank (700 litres) attached to the treatment plant and a high-level tank (500 litres) connected to WCs. Meters were installed to record consumption of treated greywater and mains water and electricity by the recycling system.
The system was composed of four main stages and a fifth stage as a polishing stage. The first stage is a preliminary treatment in the form of a balancing tank and screens for the removal of large suspended solids, floating matter and grit. The second stage is primary treatment consisting of a roughing filter and an up-flow anaerobic tank. The third stage is for biological treatment and consists of a combination of aerobic suspended and attached growth processes. The final stage of tertiary treatment was a combination of physical and biological processes.
System costs
The capital cost included the costs for site preparation, purchase of components, collection and distribution paperwork, installation and commissioning. Loughborough University Study. 3 Operation and maintenance costs were calculated on the basis of monitoring results and include the cost for consumables, electricity and maintenance and inspection time. A summary of the observed data, calculated costs and savings is shown in Table 2 .
MODEL IMPLEMENTATION STRATEGY
As a first step, the model was run to obtain the WLC for the base case scenarios (one for small-scale and one for large-scale systems) using the input data given in Table 3 . The base case scenarios were then used as a reference to compare and investigate the influence of factors/strategies affecting the WLC. The model was run to investigate the influence of (a) discount rate (b) design life (c) operational cost (d) maintenance regime (e) water-saving appliances ( f ) fixed and gradual change in water price (g) system efficiency (h) unplanned maintenance charges.
A range of greywater recycling options with different management and financing strategies and operating conditions are therefore investigated. The objective was to find an option that has the least WLCs. Key results from the simulation exercise are given below.
RESULTS AND DISCUSSION

Influence of design life
Typically the design life of a well-designed and maintained system is about 15 years. For both types of system, the influence of design life is simulated for a time period of 5, 10 and 15 years, at a discount rate of 4%. The remaining parameters were kept unchanged as shown in Table 3 . Fig. 2 shows the influence of the design life on WLC. For the small-scale system, the WLC increases with the increase in the design life. This is an expected trend, reflecting cumulative annual investment required for the annual maintenance at the start of the installation of the greywater system. The WLC for the large-scale system however shows declining trend with increased design life. This trend is mainly the result of the accumulation of savings-that is, profit continuously exceeding the annual operation and maintenance cost.
Influence of change in the operational cost
In WLC calculations, a fixed amount is usually assumed for annual operation and maintenance (including cost of consumable) expenditures. Such an approach based on fixed costs is far from reality, since the impact of inflation should also be taken into account. There are two main components of the operational cost: energy and consumables. The influence of the variation in the operational cost was assessed by considering the following three possibilities. In this scenario, it is assumed that the cost of consumables or energy increases at the rate of inflation (e.g. 3%). In the model, this has been done by assigning i ch and i e a value of 0 . 03. As the worst-case scenario, the change in the consumable and energy cost is also assumed at an enhanced rate of 6%. The remaining parameters were kept the same, as shown in Table 3 . Nominal toilet flush volume: l 9 . 5 9 . 5 European Environment Agency small-scale system was observed when annual variation was introduced in the cost of consumables and energy. A similar simulation result was observed for the large-scale system.
Of the three possibilities considered, the simulation results indicate that the influence of the first two possibilities was insignificant (Figs 3(a) and (b)). A minor change in the WLC of the
The impact of cost variation strategies for constant annual increments of 3% and 6% in the cost of consumables and energy on the WLC of the large-scale system with a design life of 15 years is shown in Fig. 4 . A similar trend was observed for the small-scale system.
Influence of water-saving appliances
The current per use consumption of water by all the appliances considered in the model is given in Table 3 . Owing to the increased awareness of the water demand management issues, technological advancements and better availability of water-efficient appliances, new regulations have been formulated to encourage the uptake of water-efficient appliances. The implementation of these regulations has implications on the WLC of GRSs in two ways. First, the volume of water that will be available as greywater will reduce and hence the concentration of pollutants will increase, meaning more rigorous treatment or more frequent maintenance would be required. Second, if existing toilets are replaced with dual flush or low/ultra low flush toilets, the potential for utilising the treated greywater will also reduce accordingly, meaning the payback period on the investments made on GRSs will increase.
To investigate the influence of water-saving appliances, the model was applied to test two strategies. In the first strategy, greywater generation from baths, showers and hand washbasins was assumed unchanged (i.e. water consumption per use (b v , s v and h v ) for each appliance was kept as given in Table 3 ) and only flush volume (WC v ) was changed for 9 . 5, 6 and 4 . 5 litres. The impact of different flush volumes on the WLC of the small-scale system is shown in Table 4 . The table shows that the percentage of unused greywater and the NPV of the WLC increases with the decrease in the flush volume. A similar trend was observed for the large-scale system.
In the second strategy, the flush volume was kept constant (9 . 5 litres) and per use consumption for appliances generating greywater was changed. The simulations were carried out by changing only one parameter at each time. The results for the small-scale system are shown in Table 5 . In the table, the entries in bold indicate change in appliance water volume (i.e. different from that shown in Table 3 ). The efficiency of the system is assumed to be 50%. Here, only the implications related to flow are considered. The implications related to increased pollutant concentration associated with reduced volume of greywater (i.e. enhanced need for rigorous treatment and hence associated WLC) are excluded. The results in Table 5 are interesting, showing no change in the NPV. This is because the consumption (toilet flush volume) is constant and therefore the volume of the saved water and resulting savings will also remain constant. The table also shows that the fraction of unused treated greywater also decreases with the introduction of water-saving appliances. This is attributed to the fact that the water consumption by WC is constant and only the volume of the produced greywater is reduced.
Influence of change in water price
Water price is perhaps one of the most important factors that has a considerable influence on the NPV of WLC, since it directly influences the value of water saved during toilet flushing. In the model, the value of water saved has been expressed as the function of the value of mains water saved (w p ) and the value of reduction in the volume of wastewater flowing to sewer (s wp ), as shown in equation (11). The influence of water price was assessed by changing the values of w p and s wp . The values for all the other parameters were kept the same as shown in Table 3 . Fig. 5 shows the influence of changing the value of w p for the small-scale system. A similar trend can be expected for changing s wp . The figure shows that NPV decreases with increased water price/sewage disposal cost. A similar trend was observed for the large-scale system.
The results in Fig. 5 assume that water charges were constant throughout the design life of the greywater recycling system. The Office of the Water Services, the economic regulator for water companies in England and Wales, allows water companies to increase water prices by a certain amount each year to a certain capped figure. In order to account for a gradual increase in water price, the generic form of equation (11) was modified as shown below.
where i wp is the annual percentage increase in water price.
The influence of annual incremental change in water price is shown in Fig. 6 . This was generated by changing the i wp value and keeping all the other parameter values as shown in Table 3 . Again, the NPV shows reduction with increase in i wp . The emphasis here is on showing the flexibility that the developed model offers for assessing the influence of different charging strategies.
Influence of system efficiency
The scenarios tested so far have assumed that the greywater recycling system is working partially (i.e. not producing sufficient volume of treated greywater to meet the full demand for toilet flushing). The cumulative greywater generation and total water required for toilet flushing is shown in Fig. 7 . This is based on the data shown in Table 3 . The figure shows that the total volume of greywater produced, if utilised fully, can meet the total demand for toilet flushing.
In this section, it is assumed that the system is fully efficient if it meets 100% of toilet-flushing demand (meaning that the system efficiency coefficient, E f , is 1) and volume of raw greywater is always greater than the full demand for toilet flushing. A value of E f equal to zero means that the full toilet-flushing demand is met by the mains supply (i.e. 100% use of potable water) with zero contribution from the greywater recycling system. The influence of different E f values (at w p ¼ £1 . 00) on the NPV for both types of system is shown in Fig. 8 . The influence of the improved efficiency of both types of system is the same (i.e. reduction in the NPV of the WLC with improved efficiency). The impact of increased efficiency is, however, more significant for large systems. The only difference in these is that the large system offers profit (i.e. a negative WLC) in the long run.
CONCLUSIONS
The following conclusions can be made based on the analyses performed in this paper.
(a) Greywater treatment and its subsequent use for toilet flushing in place of high-quality potable water can offer significant water savings and could be an effective and sustainable water demand management option. (b) A WLC methodology for evaluating economic viability of GRSs has been developed and the key elements that need to be considered have been identified. To implement the methodology, a WLC simulation tool has been developed. The tool is flexible and can investigate the influence of various economic and technical strategies. The reliability of the simulation results is, however, directly dependent on the quality of the data available for performing the WLC assessment. (c) The various factors influencing the WLC include the design life, discount rate, water price, system efficiency and scale of the system. (d) For the large-scale systems, the WLC decreases with increase in the design life of the system. This results from the fact that large systems have relatively low unit cost of treatment and better savings offering cumulative effect in the form of reduced WLC. (e) For the operational cost, the energy cost is an important factor affecting the WLC of a system. Large-scale systems with low reliance on energy consumption are relatively more financially attractive than the systems with high power consumption. ( f ) The impact of water-efficient appliances was also investigated. The positive impact is noticeable when only the greywater generation devices are replaced with low water consumption devices and toilet flush volume was kept constant. By doing so, a lesser amount of greywater will be generated and the fraction of unused treated greywater will also reduce. There will, however, be cost implications for treating greywater with higher concentrations of pollutants.
In the case of low-flush toilets, the demand for greywater utilisation is low and hence the value of savings will be low and WLC high. (g) The efficiency of the system (i.e. the treated volume of water available for toilet flushing) has a direct impact on the WLC of the system. This not only affects the level of savings achieved but also has implications for the system maintenance regime and hence implications on the WLC. To comment on this paper, please email up to 500 words to the editor at journals@ice.org.uk Proceedings journals rely entirely on contributions sent in by civil engineers and related professionals, academics and students. Papers should be 2000-5000 words long, with adequate illustrations and references. Please visit www.thomastelford.com/journals for author guidelines and further details.
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